Human retinoid X receptor ␣ (hRXR␣) plays a critical role in DNA binding and transcriptional activity through heterodimeric association with several members of the nuclear receptor superfamily, including the human vitamin D receptor (hVDR). We previously showed that hRXR␣ phosphorylation at serine 260 through the Ras-Raf-MAPK ERK1/2 activation is responsible for resistance to the growth inhibitory effects of 1␣,25-dihydroxyvitamin D 3 (1␣,25(OH) 2 D 3 ), the biologically active metabolite of vitamin D 3 . To further investigate the mechanism of this resistance, we studied intranuclear dynamics of hVDR and hRXR␣-tagged constructs in living cells together with endogenous and tagged protein in fixed cells. We find that hVDR-, hRXR␣-, and hVDR-hRXR␣ complex accumulate in the nucleus in 1␣,25(OH) 2 D 3 -treated HPK1A cells but to a lesser extent in HPK1ARas-treated cells. Also, by using fluorescence resonance energy transfer (FRET), we demonstrate increased interaction of the hVDR-hRXR␣ complex in 1␣,25(OH) 2 D 3 -treated HPK1A but not HPK1ARas cells. In HPK1ARas cells, 1␣,25(OH) 2 D 3induced nuclear localization and interaction of hRXR␣ are restored when cells are treated with the MEK1/2 inhibitor UO126 or following transfection of the non-phosphorylatable hRXR␣ Ala-260 mutant. Finally, we demonstrate using fluorescence loss in photobleaching and quantitative co-localization with chromatin that RXR immobilization and co-localization with chromatin are significantly increased in 1␣,25(OH) 2 D 3treated HPK1ARas cells transfected with the non-phosphorylatable hRXR␣ Ala-260 mutant. This suggests that hRXR␣ phosphorylation significantly disrupts its nuclear localization, interaction with VDR, intra-nuclear trafficking, and binding to chromatin of the hVDR-hRXR complex. 3 The abbreviations used are: 1␣,25(OH) 2 D 3 , 1␣,25-dihydroxyvitamin D 3 ; hRXR␣, human retinoid X receptor ␣; hVDR, human vitamin D receptor; FLIP, fluorescence loss in photobleaching; VDR, vitamin D receptor; RXR, retinoid X receptor; PPAR, peroxisome proliferator-activated receptor; HCC, hepatocellular carcinoma; CFP, cyan fluorescent protein; ANOVA, analysis of variance; RA, retinoic acid; ROI, region of interest. FIGURE 5. Effects of RXR␣ phosphorylation on VDR/hRXR␣ co-trafficking in HPK1A and HPK1ARas cells. A, cells were co-transfected with either VDR-mCherry/RXR␣WT-GFP or VDR-mCherry/RXR␣mut-GFP. Following transfection, cells were treated with either vehicle, 1,25(OH) 2 D 3 (1,25D3), UO126 alone, or a combination of UO126 and 1,25(OH) 2 D 3 . Scatter plots show co-localization measurement using Pearson correlation coefficient of HPK1A cells co-transfected with VDR-mCherry/RXR␣WT-GFP (B) or HPK1ARas cells co-transfected with either VDR-mCherry/RXR␣WT-GFP (C) or with or VDR-mCherry/RXR␣mut-GFP (D). Values are mean Ϯ S.D. of at least 10 cells per treatment condition. Asterisks indicate a significant difference in interaction between 1,25(OH) 2 D 3 treatment alone compared with vehicle-treated control. Open circles indicate a significant difference in interaction between 1,25(OH) 2 D 3 -treated cells alone compared with combined UO126 and 1,25(OH) 2 D 3 treatment. A p value of p Ͻ 0.05 was considered significant.
1␣,25-Dihydroxyvitamin D 3 (1␣,25(OH) 2 D 3 ) , 3 the hormonally active metabolite of vitamin D, along with its effect on bone and mineral homeostasis (1) (2) (3) (4) (5) is also known to affect immunomodulation (6 -8) , to promote cellular differentiation, and to inhibit cell proliferation (9) . The majority of the actions of 1␣,25(OH) 2 D 3 are mediated through the vitamin D receptor (VDR), a member of the nuclear receptor steroid/thyroid superfamily of transcriptional regulators. 1␣,25(OH) 2 D 3 directly modulates the transcription of several target genes by binding to the VDR. The ligand-bound activated complex functions as a heterodimer by interaction with the retinoid X receptor (RXR). This heterodimer (VDR/RXR) is capable of binding to the vitamin D response elements in the promoter regions of target genes resulting in activation or repression of transcription via interaction with transcriptional cofactors and the basal transcriptional machinery (1, 10 -19) .
Although in vitro studies have shown that 1␣,25(OH) 2 D 3 promotes differentiation of myeloid cells (20) and inhibits proliferation of breast (9, 20 -25) , colon (26) , prostate (27, 28) , and other cancer cells (29 -37) , it is now apparent that several human cancer cell lines are resistant to the growth inhibitory action of 1␣,25(OH) 2 D 3 (32, 34, 36 -39) . Attempts to treat cancer patients using vitamin D and its analogs have not yet translated into effective and approved therapies (40 -45) . Furthermore, epidemiological studies remain controversial (46 -49) . Thus, an understanding of the mechanism of that resistance could pave the way to improve the efficacy of vitamin D therapies in cancer.
Studies in our laboratory indicate that phosphorylation of the hRXR␣ is an important mechanism underlying the resistance to the growth inhibitory action of vitamin D in malignant keratinocytes secondary to its phosphorylation at serine 260, a critical site located in close spatial proximity to regions of potential co-activator and co-repressor interactions with the * This work was supported by Grant MOP10839 from Canadian Institutes of Health Research (to R. K.) and Grant RGPIN 262040 from Natural Sciences and Engineering Research Council of Canada (to J. F. P.). The authors declare that they have no conflicts of interest with the contents of this article. 1 Both authors contributed equally to this work. 2 RXR (33) (34) (35) (36) . These earlier studies demonstrated that phosphorylation of hRXR␣ not only disrupts its vitamin D signaling but also co-activator recruitment perhaps by altering the conformation of the VDR-RXR-co-modulator complex and its biological activity. We therefore hypothesize that RXR phosphorylation at Ser-260 is a central regulator of 1␣,25(OH) 2 D 3 action in cancer cells that could be targeted therapeutically. In this study, we use in vitro imaging with live and fixed cells, including fluorescent resonance energy transfer (FRET) and fluorescence loss in photobleaching (FLIP), to examine whether phosphorylation at serine 260 altered VDR and RXR interaction, nuclear localization, and intranuclear kinetic of the VDR-RXR complex.
Results
Effects of 1␣,25(OH) 2 D 3 Treatment on Subcellular Localization of hVDR and hRXR␣ in Non-transformed HPK1A and Rastransformed HPK1ARas Cells-First, we established the conditions for reversal of 1␣,25(OH) 2 D 3 resistance with the MAPK inhibitor UO126 in Ras-transformed HPK1ARas cells. To test whether the non-transformed HPK1A and the Ras-transformed (HPK1ARas) cells were sensitive to the growth inhibitory action of 1␣,25(OH) 2 D 3 , we treated both cell lines with UO126 alone, various concentrations of 1␣,25(OH) 2 D 3 alone, or in combination with UO126. In HPK1A cells, we observed a dose-dependent growth inhibition with 1␣,25(OH) 2 D 3 but no further growth inhibition when UO126 was added ( Fig. 1A , p Ͻ 0.05). In contrast HPK1ARas-transformed cells were less responsive to treatment with 1␣,25(OH) 2 D 3 alone ( Fig. 1B , p Ͼ 0.05), but pre-treatment for 30 min with the MEK inhibitor UO126, restored 1␣,25(OH) 2 D 3 response (p Ͻ 0.05). Similar effects were observed on cell viability in both cell lines using the Alamar blue viability assay (Fig. 1, C and D) . We used flow cytometry to determine the effects of 1␣,25(OH) 2 D 3 on the cell cycle. HPK1A and HPK1ARas cells were treated with either vehicle, 1␣,25(OH) 2 D 3 alone, or in combination with UO126 for 72 h before flow cytometric analysis. In HPK1A cells, 1␣,25(OH) 2 D 3 addition or pre-treatment with MEK inhibitor UO126 significantly increased the percentage of cells in G 0 /G 1 phase from 70.6 to 81.2% when compared with vehicle control (p Ͻ 0.05). Although UO126 significantly increased the percentage of cells in G 0 /G 1 when added alone, it did not enhance 1␣,25(OH) 2 D 3 effects (Table 1 , p Ͼ 0.05). In HPK1ARas cells, treatment with 1␣,25(OH) 2 D 3 slightly increased the percentage of cells in G 0 /G 1 phase (64.9 -69.2%) when compared with vehicle (p Ͻ 0.05). However, pre-treatment with the MEK inhibitor UO126 followed by addition of 1␣,25(OH) 2 D 3 signif- A and B) and viability (C and D). HPK1A (A) and HPK1ARas (B) cells were grown in DMEM containing 10% FBS. At 40% confluency the medium was changed, and cells were treated with increasing concentrations of 1,25(OH) 2 D 3 in the absence or presence of UO126 (10 Ϫ6 M). After 72 h, cells were collected, and cells were counted using a Coulter counter. HPK1A (C) and HPK1ARas (D) cells were seeded at a density of 5 ϫ 10 3 cells/well. Twenty four hours later, cells were treated with vehicle, 1,25(OH) 2 D 3 alone, or a combination of UO126 and 1,25(OH) 2 D 3 for 72 h. Alamar blue metabolism was used to assess cell viability. Values are expressed as a percentage of vehicle-treated cells. All values represent means Ϯ S.D. (bars) of at least three separate experiments conducted in triplicate. In the cell viability experiment (C and D) HPK1A and HPK1ARas showed very little variation in the absence of UO126, and error bars are less than the width of the plotted points. Closed circles indicate a significant growth inhibition in either HPK1A ϩ UO126 or HPK1ARas ϩ UO126 cells as compared with vehicle-treated cells. Open circles indicate a significant growth inhibition in either HPK1A or HPK1ARas cells as compared with vehicle-treated cells. Asterisks indicate a significant difference between vehicle-treated and drug-treated cells. A p value of p Ͻ 0.05 was considered significant.
icantly increased the percentage of cells in G 0 /G 1 phase (69.2-81.0%) as compared with 1␣,25(OH) 2 D 3 treatment alone ( Table 1 , p Ͻ 0.05).
In HPK1A cells, hVDR distribution was both cytoplasmic and nuclear in the absence of the ligand (0.56 Ϯ 0.07 nuclear). However, ligand addition significantly increased the nuclear localization of hVDR (0.91 Ϯ 0.06; Fig. 2 , A and F, p Ͻ 0.001). Similarly, in the absence of the ligand, hRXR␣ was both cytoplasmic and nuclear (0.66 Ϯ 0.12), but nuclear translocation increased after ligand addition (0.91 Ϯ 0.05; Fig. 2 , B and G, p Ͻ 0.05). To determine the involvement of hRXR␣ phosphorylation on VDR localization in HPK1ARas cells, we similarly transfected the cells with VDR-GFP. VDR was found to be both cytoplasmic and nuclear in vehicle-treated cells (0.37 Ϯ 0.13). Addition of 1␣,25(OH) 2 D 3 alone (0.52 Ϯ 0.06) or a combination of the MEK inhibitor UO126 and 1␣,25(OH) 2 D 3 significantly increased VDR accumulation in the nucleus compared with control (0.60 Ϯ 0.05) (Fig. 2 , C and H, p Ͻ 0.05). However, addition of the MEK inhibitor UO126 alone did not increase the nuclear accumulation of VDR when compared with control (0.28 Ϯ 0.14). The combination of UO126 and 1␣,25(OH) 2 D 3 increased nuclear accumulation of VDR by more than 1.5-fold compared with control and about 2-fold compared with 1␣,25(OH) 2 D 3 or UO126 treatment alone (0.60 Ϯ 0.05) ( Fig. 2 , C and H, p Ͻ 0.005).
We also assessed the effects of phosphorylation on hRXR␣ subcellular localization. Similar to the protocol above, we transfected the cells with either RXR␣WT-GFP or RXR␣mut-GFP plasmids. In HPK1ARas cells transfected with RXR␣WT-GFP plasmids, RXR␣ was found to be predominantly nuclear without treatment (vehicle) (0.46 Ϯ 0.10). Treatment with 1␣,25(OH) 2 Effects of 1␣,25(OH) 2 D 3 Treatment on Subcellular Localization of Endogenous hVDR and hRXR␣ in Non-transformed HPK1A and Ras-transformed HPK1ARas Cells-To control for possible effects of the fluorescent protein tag, we repeated the experiment in non-transfected cells using antibodies directed against endogenous hVDR and hRXR␣. We incubated cells with conjugated Alexa-488 secondary antibody to detect endogenous VDR or RXR and measured the fluorescence by confocal microscopy. In HPK1A cells, hVDR distribution was both cytoplasmic and nuclear in the absence of the ligand (0.28 Ϯ 0.01 nuclear). However, ligand addition significantly increased the nuclear localization of hVDR (0.68 Ϯ 0.07 nuclear) ( Fig. 3 , A and B, p Ͻ 0.001). Similarly in the absence of the ligand, hRXR␣ was both cytoplasmic and nuclear (0.46 Ϯ 0.07), but nuclear translocation increased after ligand addition (0.61 Ϯ 0.06) ( Fig. 3 , C and D, p Ͻ 0.05).
In HPK1ARas cells, VDR localization was found to be both cytoplasmic and nuclear in vehicle-treated cells (0.38 Ϯ 0.06). Addition of 1␣,25(OH) 2 D 3 alone (0.64 Ϯ 0.09) or a combination of the MEK inhibitor UO126 and 1␣,25(OH) 2 D 3 significantly increased VDR accumulation in the nucleus compared with control (0.77 Ϯ 0.14) ( Fig. 3 , E and F, p Ͻ 0.05). However, addition of the MEK inhibitor UO126 alone did not increase the nuclear accumulation of VDR when compared with control (0.38 Ϯ 0.06). The combination of UO126 and 1␣,25(OH) 2 D 3 increased nuclear accumulation of VDR by more than 1.5-fold compared with control and about 2-fold compared with 1␣,25(OH) 2 D 3 or UO126 treatment alone (0.48 Ϯ 0.11) ( Fig. 3 , E and F, p Ͻ 0.005). Furthermore, treatment of HPK1ARas cells with 1␣,25(OH) 2 D 3 alone did not increase nuclear accumulation of endogenous RXR␣ (0.52 Ϯ 0.10) compared with control (0.50 Ϯ 0.04, Fig. 3 , G and H, p Ͼ 0.05). However, pre-treatment with the MEK inhibitor UO126 followed by treatment with 1␣,25(OH) 2 D 3 significantly increased the nuclear accumulation of endogenous RXR␣ (0.60 Ϯ 0.12, Fig. 3 , G and H, p Ͻ 0.05) compared with vehicle or 1␣,25(OH) 2 D 3 alone treated cells ( Fig. 3 , G and H, p Ͻ 0.05).
Effects of 9-cis-Retinoic Acid Treatment on Subcellular Localization of RXR␣ in Non-transformed HPK1A and Ras-transformed HPK1ARas Cells-The intensity of RXR␣WT-GFP was quantitated using confocal microscopy. In HPK1A cells, there was significant increase of RXR␣ in the nucleus following 9-cis-RA (0.75 Ϯ 0.08) treatment when compared with control (0.51 Ϯ 0.12, Figs. 4A and 3D, p Ͻ 0.05). In HPK1ARas cells transfected with RXR␣WT-GFP plasmids, treatment with 9-cis-RA alone did not increase nuclear accumulation of RXR␣ (0.53 Ϯ 0.08) compared with control (0.48 Ϯ 0.07 Fig. 4 , B and E, p Ͼ 0.05). However, pre-treatment with the MEK inhibitor UO126 followed by treatment with 9-cis-RA significantly increased the nuclear accumulation of RXR␣ compared with vehicle or 9-cis-RA alone treated cells (0.67 Ϯ 0.07, Fig. 4 , B and E, p Ͻ 0.05). In cells transfected with RXR␣mut-GFP plasmids, 9-cis-RA treatment alone (0.73 Ϯ 0.09) or a combination of UO126 and 9-cis-RA (0.75 Ϯ 0.01) significantly increased 2 
D 3 in the absence or presence of UO126
After 24 h of serum starvation (5% FBS), cells were treated with 1,25(OH) 2 D 3 at 10 Ϫ7 M with or without UO126. Cells were trypsinized after 72 h, and cell cycle was analyzed by flow cytometry as described under "Experimental Procedures." Results are expressed as percentage of cells in G 0 /G 1 phase of the cell cycle. Asterisks indicate a significant difference in G 0 /G 1 cell cycle phase as compared with vehicletreated control. Open circle indicates a significant difference between 1,25(OH) 2 D 3 treatment alone and combined treatment of UO126 and 1,25(OH) 2 D 3 . A triangle represents significant difference between UO126 treatment alone and combined treatment of UO126 and 1,25(OH) 2 D 3 . A p value compared with control was considered significant when p Ͻ 0.05. Effects of RXR␣ Phosphorylation on VDR and hRXR␣ Interaction in Living Cells Using FRET-We used FRET to investigate the interaction between VDR and RXR␣ after ligand binding in both cell lines. We assayed FRET between our YFP-and CFP-tagged proteins and compared it with co-transfected CFP and YFP probes that served as negative controls (Fig. 6A ). As expected our results showed VDR/RXR heterodimeric interaction indicating that our FRET pairs were functional. No FRET signal was observed with the negative control CFP/YFP probes in both cell lines ( Fig. 6B ). Next, we tested for VDR and RXR␣ interaction in both cell lines using the VDR-CFP and RXR␣WT-YFP or RXR␣mut-YFP FRET pairs. Results show that VDR interacts with RXR␣ in the absence of ligand in both cell lines. In HPK1A cells co-transfected with VDR-CFP/ RXR␣WT-YFP, treatment with 1␣,25(OH) 2 D 3 alone (107 Ϯ 6.56%) or a combination of UO126 and 1␣,25(OH) 2 D 3 (105.1 Ϯ 2.95%) increased the interaction between VDR and RXR␣ compared with vehicle (100.91 Ϯ 4.35%) or UO126 (103.04 Ϯ 3.86%; Fig. 6C , p Ͻ 0.05). In HPK1A cells co-transfected with VDR-CFP/RXR␣mut-YFP, treatment with 1␣,25(OH) 2 D 3 also increased FRET efficiency. However, treatment with UO126 or a combination of UO126 and 1␣,25(OH) 2 D 3 had similar effects and did not increase FRET efficiency when compared with vehicle alone (p Ͼ 0.05). Efficiency increased only with 1␣,25(OH) 2 D 3 treatment (data not shown).
Percentage of cells in G 0 /G 1 cell cycle phase

Effects of RXR␣ Phosphorylation on VDR/hRXR␣ Co-localization in Non-transformed HPK1A and Ras-transformed
In HPK1ARas cells, co-transfection with VDR-CFP/RXR␣ WT-GFP and treatment with either 1␣,25(OH) 2 D 3 (100.6 Ϯ 3.20%) or UO126 (103.8 Ϯ 1.26%) alone did not increase FRET efficiency compared with vehicle (101.3 Ϯ 2.76) ( Fig. 6D , p Ͼ 0.05). However, combined treatment of UO126 and 1␣,25(OH) 2 D 3 significantly increased VDR/RXR␣ interaction compared with vehicle or 1␣,25(OH) 2 D 3 treatment alone (107.2 Ϯ 3.14%; Fig. 6D , p Ͻ 0.05). When the cells were cotransfected with VDR-CFP/RXR␣mut-YFP, VDR, and RXR␣, interaction significantly increased on treatment with 1␣,25 (OH) 2 D 3 (104.17 Ϯ 2.06%) when compared with vehicle (102.11 Ϯ 2.69%; Fig. 6E , p Ͻ 0.05). Furthermore, combined treatment with UO126 and 1␣,25(OH) 2 D 3 significantly increased VDR/RXR␣ interaction (107.0 Ϯ 3.86%) when compared with control (104.7 Ϯ 1.97%; Fig. 6E , p Ͻ 0.0001). Taken together, these data suggest that VDR/RXR␣ interaction and heterodimerization are improved when RXR␣ phosphorylation is blocked or abolished in the Ras-transformed cells.
Effects of RXR␣ Phosphorylation on Endogenous VDR and hRXR␣ Interaction in Living Cells Using FRET-We used Alexa
Fluor-488 and Cy3 fluorochrome-conjugated secondary antibodies to detect and measure interaction between endogenous VDR and RXR␣ in non-transfected cells in both cell lines. In HPK1A cells, treatment with 1␣,25(OH) 2 D 3 alone (104.8 Ϯ 3.75% FRET) or a combination of UO126 and 1␣,25(OH) 2 D 3 (101.11 Ϯ 4.14% FRET) increased the interaction between VDR and RXR␣ compared with vehicle (101.0 Ϯ 1.40% FRET) or UO126 (101.3 Ϯ 1.99% FRET; Fig. 6F , p Ͻ 0.05). In HPK1ARas cells, co-stained with VDR-Cy3/RXR-Alexa-488, treatment with either 1␣,25(OH) 2 D 3 (100.03 Ϯ 1.68% FRET) or UO126 (99.93 Ϯ 1.34% FRET) alone did not increase FRET efficiency compared with vehicle (100.58 Ϯ 2.97% FRET; Fig. 6G , p Ͼ 0.05). However, the combined treatment of UO126 and 1␣,25(OH) 2 D 3 significantly increased VDR/RXR␣ interaction compared with vehicle or 1␣,25(OH) 2 D 3 treatment alone (103.53 Ϯ 2.76% FRET; Fig. 6G , p Ͻ 0.05).
Effects of RXR␣ Phosphorylation at Serine 260 on Intra-nuclear Mobility of RXR␣ Using FLIP-We used FLIP to investigate the intra-nuclear movement of RXR␣. In these experiments, a portion of the nucleus of the living cell is repeatedly bleached in the same spot using high laser power. The cell is imaged between each round of bleaching, and a spot elsewhere in the nucleus is monitored for loss of fluorescence. If the GFPlabeled molecules are shuttling between the bleaching and reporting points, then the fluorescence will decrease at both points. Relatively immobile proteins in contrast will be bleached effectively at the bleaching point but not at the reporting point. The rate of loss of fluorescence from the region of interest contains information on the rate of dissociation of the protein from the particular compartment ( Fig. 7 , A-E). Thus, by measuring the kinetics of loss of RXR␣-GFP from the reporting point we could determine whether the protein is tightly bound within the nuclear compartment. HPK1A cells were transfected with either RXR␣WT-GFP or RXR␣mut-GFP and treated with or without 1␣,25(OH) 2 D 3 . A nuclear area of 16 m 2 (4 m width) was next selected as the region of interest and repeatedly photobleached at 1-s intervals for the duration of the experiments. Multiple data points gathered over time were fitted to a one-phase dissociation curve. Using this method, we found that more than 70% of the RXR␣-GFP nuclear pool was mobile in both cell lines in the absence of treatment ( Fig. 7F ). Furthermore, we found that the nucleolus-associated pool of RXR␣ is continuously and rapidly exchanged with the nucleoplasmic pool. Repeated bleaching within the nucleus resulted in the complete loss of RXR␣-GFP signal in the entire nucleus and also the cytoplasm. Thus, this experiment provided a direct demonstration of intra-nuclear mobility. The half-time for dissociation of the RXR␣WT-GFP in the nuclear compartment after 1␣,25(OH) 2 D 3 treatment (112.02 Ϯ 13.5 s) was longer than the vehicle control (98.11 Ϯ 11.2 s, p Ͼ 0.05). The immobile fraction showed larger changes, indicating significant modulation of binding to nuclear structure. RXR␣ was found to be stably anchored (16.65 Ϯ 7.01% bound) to other nuclear proteins within the nuclear compartment on treatment with 1␣,25(OH) 2 D 3 . This immobile fraction was significantly larger when compared with vehicle-treated cells (7.35 Ϯ 3.89% bound, Fig. 7F , p Ͻ 0.05). Taken together, the results indicate that ligand addition in the non-transformed cells increases the halftime of dissociation and bound fraction of the receptor in the unbleached portion of the nuclear compartment.
In the Ras-transformed cells transfected with RXR␣WT-GFP, treatment with1␣,25(OH) 2 D 3 did not significantly increase the residence time of RXR␣ in the nucleus when compared with vehicle-treated cells (data not shown, p Ͼ 0.05). Also, the percentage of immobile fraction was comparable but not significantly different between 1␣,25(OH) 2 D 3 (8.61 Ϯ 3.50%) and vehicle treatment (7.64 Ϯ 2.55%, Fig. 7G , p Ͼ 0.05). Interestingly, treatment with UO126 alone (12.34 Ϯ 5.10%) or pretreatment with UO126 followed by 1␣,25(OH) 2 D 3 treatment (15.08 Ϯ 7.81) significantly increased the percentage of immobile fractions compared with control ( Fig. 7G , p Ͻ 0.05).
In HPK1ARas cells transfected with RXR␣ mutant GFP, treatment with 1␣,25(OH) 2 D 3 significantly increased the residence time of RXR␣ in the nuclear compartment when compared with vehicle control (data not shown, p Ͻ 0.005). Furthermore, the percentage of immobile fraction in 1␣,25 (OH) 2 D 3 -treated cells was significantly higher (12.72 Ϯ 5.73%) compared with vehicle (6.47 Ϯ 3.55%; Fig. 7H , p Ͻ 0.05). The effect observed was probably due to slowly exchanging receptor pools and binding to nucleoplasmic components. Furthermore, treatment with UO126 alone (10.94 Ϯ 5.35%) or combined treatment with UO126 followed by 1␣,25(OH) 2 D 3 treatment (18.38 Ϯ 7.81%) significantly increased the percentage of immobile fractions compared with control ( Fig. 7H , p Ͻ 0.05). Taken together, the results show that blocking or abolishing the phosphorylation in the Ras-transformed cells will possibly increase binding of the receptors to their ligands and co-activator recruitment.
Effects of 1␣,25(OH) 2 D 3 on VDR-RXR␣ Complex Binding to DNA in Non-transformed HPK1A and Ras-transformed HPK1ARas Cells-We first assessed the effects of RXR␣ phosphorylation on VDR-RXR complex binding to DNA in HPK1A cells (Fig. 8, A and B) . HPK1A cells transfected with VDR-GFP ( Fig. 8A ) or RXR␣WT-GFP ( Fig. 8B ) and treated with vehicle or 1␣,25(OH) 2 D 3 were fixed and stained with Hoechst 33342, a widely used DNA-specific dye, which emits blue fluorescence under ultraviolet (UV) illumination when bound to DNA. Hoechst has a preference to bind to A/T-rich DNA sequences and to highlight a subset of the genome. Co-localization of RXR␣WT-GFP or VDR-GFP and DNA (Hoechst 33342) using Pearson's coefficient correlation showed that the VDR-RXR␣ complex bound more to DNA in cells treated with 1,25(OH) 2 D 3 compared with vehicle ( Fig. 8, A and C, B and D, p Ͻ 0.001). We next compared VDR-RXR complex binding to DNA in HPK1ARas cells transfected with either VDR-GFP or RXR␣ WT-GFP. We found no significant difference in 1,25(OH) 2 D 3 compared with vehicle-treated cells (Fig. 8 , F and G, p Ͼ 0.05). However, when cells were pre-treated with UO126 followed by 1,25(OH) 2 D 3 treatment, the VDR-RXR␣ complex binding to DNA significantly increased compared with vehicle or 1,25(OH) 2 D 3 treatment alone (Fig. 8 , F and G, p Ͻ 0.05). Similarly, in HPK1ARas cells transfected with RXR␣mut-GFP and treated with 1,25(OH) 2 D 3 , a significant increase in the VDR-RXR␣ complex binding to DNA was observed when compared with vehicle ( Fig. 8H, p Ͻ 0.05) . Pre-treatment with UO126 followed by 1,25(OH) 2 D 3 did not increase binding to DNA levels seen with 1,25(OH) 2 D 3 treatment alone (Fig. 8H, p Ͻ 0.05) . 
Discussion
The effects of 1␣,25(OH) 2 D 3 on keratinocytes and other cancer cells have been reported to include growth inhibition, cell cycle arrest, induction of differentiation, and apoptosis (4, 8, 9, 20, 24, 28, 30, 33, 34) . In our earlier studies (32) (33) (34) (35) (36) (37) , we found that the immortalized non-transformed (HPK1A) cells were more sensitive to the growth inhibitory action of 1␣,25(OH) 2 D 3 compared with the neoplastic Ras-transformed (HPK1ARas) keratinocytes. However, pre-treatment of HPK1ARas cells with MEK inhibitors partially restored the sensitivity of the Rastransformed cells to 1␣,25(OH) 2 D 3 (33, 34, 36) . Furthermore, Solomon and co-workers (33) (34) (35) showed that activation of MAPK using a constitutively active MAPKK expression vector transfected into HPK1A cells induces resistance to vitamin Ddependent signaling. This sensitivity was similarly restored following pre-treatment with an MAPK inhibitor (33) (34) (35) (36) . Here, these findings are further supported with cell cycle distribution data. Furthermore, we showed previously that genetic ap- proaches using a non-phosphorylatable RXR mutant prevents phosphorylation of RXR␣ at Ser-260 and can reverse the sensitivity to 1,25(OH) 2 D 3 using functional assays (33) . The combination therapy appears to be additive in the HPK1ARas cells only but not in HPK1A cells. In both HPK1A and HPK1ARas cells, UO126 and 1,25-dihydroxyvitamin D appear to work independently. Our conclusion from these experiments is that UO126 and 1,25-dihydroxyvitamin D affect the cell cycle by an independent mechanism. However, UO126 by blocking phosphorylation indirectly potentiates the effects of 1,25 dihydroxyvitamin D independently of its direct effect on the cell cycle. In this study we found by FRET that in HPK1ARas cells 1␣,25(OH) 2 D 3 -induced interaction of VDR with RXR is impaired and that this impairment is mediated through phosphorylation of RXR. Furthermore, we found that we can detect 1␣,25(OH) 2 D 3 -induced immobilization of VDR-GFP and RXR-GFP onto nuclear structure in a photobleach-based binding assay and in a direct measure of co-localization of endogenous VDR and RXR␣ with chromatin fine structure. This immobilization is lost in HPK1ARas cells in a manner dependent on phosphorylation of RXR␣. Our major conclusions are as follows: 1) failure of 1␣,25(OH) 2 D 3 to induce growth inhibition in Ras-transformed cells primarily results from Ras pathway-mediated phosphorylation of RXR␣. 2) Phosphorylation of RXR␣ leads to non-responsiveness to 1␣,25(OH) 2 D 3 via impaired association of VDR with targets within the nucleus.
In this study we have gained insight into the mechanisms by which VDR/RXR␣ fail to mediate growth inhibition in Ras-transformed cells. We conducted a series of experiments examining changes in subcellular localization, VDR/RXR␣ interaction, and DNA binding. Investigating the subcellular localization of both VDR and RXR␣ in non-transformed and Ras-transformed cell lines, we found that although VDR can partition from the cytoplasm to the nucleus, its nuclear accumulation is increased when it forms a complex with RXR␣. This nuclear accumulation appears to be inhibited by phosphorylation at Ser-260 because transfection of the Ras-transformed cells with a non-phosphorylatable mutant or pre-treatment with the MEK inhibitor UO126 increased the nuclear accumulation of RXR␣.
Our findings on both VDR and RXR␣ distributions in the non-transformed cells are not only supported by other reports (12, 50, 52, 53) but additionally our data suggest that phosphorylation retains a fraction of RXR␣ in the cytoplasm of transformed cells (54) . The FRET experiments carried out with fluorescent chimeras of VDR, RXR␣WT, and a non-phosphorylatable RXR␣ mutant confirmed that VDR/RXR␣ heterodimer interaction in the Ras-transformed cells was compromised by phosphorylation, as blocking phosphorylation either by pre-treatment with the MEK inhibitor UO126 or the non-phosphorylatable RXR␣ mutant increased VDR/RXR␣ interaction. We obtained similar results from cells transfected with GFP-tagged VDR and RXR␣ and from FRET assays employing immunofluorescence staining of endogenous proteins, suggesting that the GFP tag is not interfering with aspects of VDR or RXR␣ function relevant to this study.
Our results further support the view that heterodimerization may influence the subcellular localization of VDR and RXR␣. In our confocal microscopy experiments, we showed that dimerizing RXR␣ with VDR facilitates nuclear accumulation of VDR. Our FRET data gave mechanistic support to these subcellular localization studies. Although our observation supports a novel mechanism by which the RXR heterodimerization partner dominates the activity of the heterodimers, it differs from reports from Yasmin et al. (55) , who suggested that nuclear accumulation of RXR-VDR heterodimers is mediated predominantly by the VDR. Previous research demonstrated that steroid receptors are in constant rapid motion within the nucleus and that they accumulate in discrete nuclear foci after hormone binding (56 -58) . Furthermore, recent FRET studies carried out in living cells using GFP fusion proteins and co-localization results using RXR␣ and vitamin D receptor (VDR) fluorescent chimeras have led to the conclusion that RXR␣ does not only dynamically shuttle between the nucleus and cytoplasm but it also heterodimerizes with VDR in the cytoplasm regardless of the calcitriol (1␣,25(OH) 2 D 3 ) binding status (59, 60) . Previous and recent studies examined VDR-RXR (FRET) interaction in normal African green monkey kidney COS-7, rat osteosarcoma ROS17/2.8 (61) , and human embryonic kidney (HEK) 293 cells (54) . However, VDR-RXR interaction was never examined nor compared in normal and transformed cells.
Pruffer et al. (54, 61) reported that VDR/RXR heterodimerization can occur in the cytoplasm without ligand addition. We did not measure RXR/VDR heterodimerization in the cytoplasm. However, we have shown by co-localization studies and FRET that VDR/RXR heterodimerize in the nucleus even without ligand addition and that ligand addition increases heterodimerization and interaction. FRET has the advantage of examining directly the interaction between VDR and RXR␣ in an intact cellular environment as opposed to our previous studies, which used nuclear extracts and electromobility gel shift assays (34, 36) . In these earlier studies we were only able to determine that VDR-RXR complex formation occurred in Rastransformed keratinocytes, but this experimental approach did not permit us to measure VDR/RXR interaction. By using FRET in this study, we could measure directly the interaction and show that it was significantly affected by phosphorylation at serine 260.
We assayed binding of RXR␣ to intra-nuclear structures by FLIP and also by the use of Pearson correlation coefficient to FIGURE 8 . Determination of receptor/DNA interaction. HPK1A cells transfected with VDR-GFP (green) and treated with either vehicle or 1,25(OH) 2 D 3 (1,25D3) post-transfection were stained with Hoechst dye (blue, A). Quantitation of binding between DNA (Hoechst) and VDR (GFP) was assessed using confocal microscopy and Pearson correlation (B). Similarly, cells were transfected with RXR␣WT-GFP (C), and binding was assessed following treatment as above (D). Next, HPK1ARas cells were transfected with either VDR-GFP (E), RXR␣WT-GFP (F), or RXR␣mut-GFP (G), and binding was assessed following treatment with either vehicle (veh), 1,25(OH) 2 D 3 , UO126 alone, or a combination of UO126 and 1,25(OH) 2 assess co-localization with DNA fine structure. These distinct methods gave consistent results, showing that ligand addition induced binding of hRXR␣ to chromatin, that this binding was blunted in the nuclear compartment of Ras-transformed cells, and that phosphorylation of hRXR␣ mediated this insensitivity to ligand because blocking phosphorylation with a non-phosphorylatable RXR␣ mutant increased RXR␣ binding and restored vitamin D function in the Ras-transformed cells.
In the FLIP experiments, we recorded two distinct kinetic pools of RXR␣-GFP in the nucleus as follows: a large mobile pool, which represents the continuously exchanging molecules within the nucleoplasmic compartment responsible for the fluorescence signal loss, and a smaller less mobile (bound) fraction that does not contribute to the fluorescence loss over the time scale of the experiment. We hypothesize that this immobile fraction could represent receptor bound to DNA or to chromatin. We tested this hypothesis using the Pearson correlation coefficient to quantify co-localization of the GFP-tagged receptor with Hoechst dye on chromatin structure at the level of individual pixels. Our results are in accordance with the FLIP results showing that binding to DNA is affected in the Rastransformed keratinocytes. Because 1␣,25(OH) 2 D 3 does not bind to RXR␣, it is possible that the non-phosphorylatable RXR␣mut-GFP induced a conformational change allowing VDR to bind DNA upon ligand addition and resulting in docking of new factors or the recruitment of cofactors to the VDR-RXR␣ receptor complex. The increase in residence time after ligand addition as shown by FLIP might also reflect the strengthening of the interaction with slowly or non-diffusing nuclear components such as chromatin. Furthermore, the increased interaction could result from either an increased affinity or from stabilization of interaction leading to longer binding events (63, 64) . In the Ras-transformed cells, protein phosphorylation could inhibit immobilization of receptors on chromatin. Failure to bind chromatin could explain inhibition of vitamin D signaling in the cancer cells (65, 66) . Solomon and co-workers (33) (34) (35) previously reported that in Ras-transformed cells, RXR␣ phosphorylation at serine 260 would create conformational changes within the ligand binding domain, disrupting interactions with co-regulators and therefore decreasing transcriptional activities resulting in resistance to the growth inhibitory action of vitamin D. More recently, it was shown that phosphorylation at serine 260 impairs recruitment of DRIP205 and other co-activators to the VDR-RXR␣ heterodimer (36) , and it also delays nuclear export and RXR␣ degradation in hepatocellular carcinoma (67) . Quack and Carlberg (68) using limited protease digestion and gel shift clipping experiments demonstrated that binding of RXR to VDR not only induces conformational changes to VDR but also the conformational changes induced by ligand binding stabilized VDR/ RXR dimers (69) . Feige and co-workers (64) using FRET to study the PPAR/RXR interaction indicated that PPAR-RXR dimerization occurred prior to ligand binding or DNA binding; however, heterodimer binding to DNA was only observed to be stable in vivo after ligand had bound. Increasing evidence indicates that RXR does not play a passive role as a heterodimeric partner but impacts the responses of its nuclear receptor partner, regardless of its permissive, nonpermissive, or condition-ally permissive status (11) . Taken together, these results, including ours, demonstrate an important role of RXR in VDR-RXR heterodimer binding to target DNA sequences in living cells.
The physiological relevance of this study and the consequences of RXR␣ phosphorylation cannot be understated because RXR additionally functions as a homodimer and also heterodimerizes with multiple members of the nuclear receptor superfamily. RXR thus plays a central role in regulating a number of signaling pathways (11, 35, 36, 70 -75) . The clinical relevance of RXR␣ phosphorylation has been discussed in other cancer model systems, including cancers of the liver, lung, breast, colon, pancreas, and leukemia (75) (76) (77) (78) (79) (80) (81) (82) . Matsushima-Nishiwaki et al. (67, 80) and Moriwaki et al. (81) reported that RXR␣ protein was phosphorylated anomalously in human hepatocellular carcinoma (HCC) tissues as well as HCC cell lines. Furthermore, RXR␣ phosphorylation at serine 260 also resulted in impairment of its function and resistance to the growth inhibitory effects of all-trans-retinoic acid. Furthermore, Lu et al. (82) demonstrated that phosphorylation of hRXR␣ at serine 260 interferes with its function and delays its degradation in cultured human HCC, leading to enhanced cellular proliferation. Yamazaki et al. (78) showed that 75% of colorectal cancer tissues expressed phosphorylated RXR␣ protein when compared with corresponding normal colon epithelial tissues. Kanemura et al. (79) reported that abnormal phosphorylation of RXR␣ protein played a role in the enhancement of cell proliferation, while producing an antiapoptotic effect and also acquiring RA resistance in HL-60R human leukemia cells. Thus, phosphorylation of RXR␣ plays an important role in insensitivity to growth inhibition of a wide range of human cancers. Although phosphorylation at serine 260 appears to play the predominant role in these models through ERK1/2, it should be noted that other MAPK downstream pathways such as c-Jun N-terminal kinase (JNK) have been reported to alter vitamin D action through phosphorylation at alternative amino acid sequences (70, 84) .
Proposed Model for Restoration of Vitamin D Sensitivity in Ras-transformed Keratinocytes-We propose a model ( Fig. 9 ) explaining how RXR␣ phosphorylation at serine 260 could affect VDR and RXR interaction and nucleoplasmic trafficking (Fig. 9A) . In normal cells, it is subject to debate whether VDR and RXR move independently or as a complex from the cytoplasm to the nucleus. However, the nuclear import of their mutual heterodimer is controlled predominantly by RXR and regulated by 1␣,25(OH) 2 D 3 , and in the presence of 1␣,25 (OH) 2 D 3 , the VDR controls this process. Once in the nucleus, the VDR-RXR heterodimer can bind to chromatin and carry out gene transcription (Fig. 9B) . In Ras-transformed cells, VDR and RXR could still move into the nucleus independently or as a complex. Phosphorylation of RXR alters the conformation of the RXR, which indirectly prevents the mobilization of a large proportion of the mutual heterodimer from entering the nuclear compartment leading to a decrease in localization and binding to chromatin.
These studies suggest that blocking phosphorylation either by the use of a MEK inhibitor or using a non-phosphorylatable RXR␣ mutant in combination with active vitamin D com-pounds might provide novel strategies in the treatment of cancers with a Ras signature.
Experimental Procedures
Reagents and Antibodies
1␣,25(OH) 2 D 3 and 9-cis-RA were purchased from Sigma, and stock solutions were prepared in ethanol. The MEK1/2 inhibitor UO126 (1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio] butadiene) was purchased from Promega (Madison, WI), and stock solutions were prepared in DMSO. The following antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA): rabbit anti-hVDR (C-20, sc-5574); mouse anti-hVDR (D-6, sc-1313); rabbit anti-hRXR (D-20; sc-553); and mouse anti-hRXR␣ (F-1; sc-46659). Both mouse anti-Cy3 (A10521) and rabbit anti-Alexa Fluor-488 (A11034) secondary antibodies were purchased from Invitrogen-Molecular Probes.
Cell Lines and Culture
The HPK1A cell line was previously established by stably transfecting normal human keratinocytes with human papillomavirus type 16 (32) . In culture, these cells have an indefinite life span but retain differentiation properties characteristic of normal keratinocytes and are non-tumorigenic when injected into nude mice. These immortalized cells were then transformed into the malignant HPK1ARas cell line after transfection with a plasmid carrying an activated Ha-ras oncogene (32) . HPK1ARas cells are malignant cells that form colonies in soft agar and also produce invasive tumors when transplanted into nude mice. The cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with 2 mM glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin, and 10% fetal bovine serum (FBS) and passaged twice weekly in 6-, 24-, or 96-well Falcon plates (Corning, NY).
Proliferation Assay
For assessment of cell proliferation, HPK1A and HPK1ARas cells were seeded in 24-well plates at a density of 1 ϫ 10 4 cells/ well and were grown in DMEM supplemented with 2 mM glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin, and 10% FBS. After 24 h, the medium was replaced with serum-free DMEM overnight to synchronize the cells. At time 0, the medium was replaced with DMEM containing 5% charcoalstripped FBS in the presence of increasing concentrations of 1␣,25(OH) 2 D 3 (i.e. 10 Ϫ9 to 10 Ϫ7 M concentration) as a single agent or in combination with the MEK1/2 inhibitor UO126 (10 Ϫ6 M concentration). Control cells were treated with vehicle (0.1% ethanol and 0.1% DMSO, v/v) or MEK1/2 inhibitor UO126 (10 Ϫ6 M concentration) alone. Treatment was continued for 72 h. At the end of the experiment, cells were washed with PBS, trypsinized, and counted with a Coulter counter.
Alamar Blue Cell Viability Assay
Cells were seeded in 96-well plates at a density of 5 ϫ 10 3 cells/well, and the experiment was carried out as above in the proliferation assay. At the end of each experiment, 50 l of Alamar blue (Invitrogen) was added to each well, and the plate was further incubated at 37°C for 4 h and then transferred to a plate reader, and absorbance at 550 nm was determined as per the manufacturer's instruction.
Cell Cycle Analysis with Propidium Iodide Staining
HPK1A and HPK1ARas cells were seeded into 6-well plates at a density of 5.0 ϫ 10 5 cells/plate for 24 h, grown as described above in the proliferation assay, and treated with 10 Ϫ7 M 1,25(OH) 2 D 3 alone or in combination with 10 Ϫ6 M UO126. The cells were trypsinized, washed in PBS, and fixed in 70% ethanol at 4°C overnight. 1 ϫ 10 5 cells were then resuspended in 40 g/ml propidium iodide solution with 1 mg/ml RNase and incubated in the dark at 37°C for 30 min. DNA content and cell cycle analyses were carried out using a FACScan flow cytometer (BD Biosciences). Different phases of the cell cycle were assessed by collecting the signal at channel FL2-A. The percentage of the cell population at a particular phase was estimated by the BD CellQuest software.
Cloning of Fluorescent (Plasmids)-tagged Constructs
Subcloning of hVDR Plasmids-VDR/pSG5 plasmid was a kind gift from Dr. John White's laboratory (McGill University, Montreal, Canada). The expression vector was originally constructed by inserting a 2.1-kb EcoRI fragment containing the entire coding region of the human VDR into the EcoRI site of pSG5.VDR-CFP, VDR-GFP, VDR-YFP, and VDR-mCherry plasmids were constructed by PCR amplification of hVDR sequence using hVDRpSG5 as a template, and forward GGT-TAC CTCGAG ATG GAG GCA ATG GCG GCC AGC ACT TCC CTG and reverse GTTAC CCG CGG AGA GGA GAT CTC ATT GCC AAA CAC TTC G primers were designed with XhoI and SacII restriction sites. The hVDR PCR product was ligated to the GFP variants, a generous gift from Dr. Stephane Laporte (McGill University, Montreal, Canada), and mCherry (Clontech).
Subcloning of hRXR␣ Plasmids-The hRXR␣ wild type (WT) plasmid was a kind gift from Dr. Ronald Evans' laboratory (Salk Institute, CA). The hRXR␣ S260A mutant plasmid was previously constructed in our laboratory (33) (34) (35) (36) . The hRXR␣WT and the hRXR␣ S260A mutant fluorescent GFP variants (i.e. GFP, CFP, YFP, and mCherry) were constructed by PCR amplification of hRXRWT and the hRXR␣ S260A mutant sequences using hRXR␣ WT and the hRXR␣ S260A mutant as templates, and forward GGTTAC CTCGAG ATG GAC ACC AAA CAT TTC CTG C and reverse GTTAC CCG CGG AGA AGT CAT TTG GTG CGG CGC CTC CAG C primers were designed to In normal cells (A), the nuclear import of VDR and RXR is mediated by their respective ligands. Once in the nucleus, 1,25(OH) 2 D 3 binding to VDR is critical for the VDR-RXR heterodimer interaction and binding to the hormone-response elements, recruitment of co-factors (CoAc), and effect on 1,25(OH) 2 D 3 signaling. In the Ras-transformed keratinocyte (B), phosphorylation of RXR prevents the nuclear translocation of RXR and binding of the VDR-RXR complex to the hormoneresponse element. The recruitment of co-factors was impaired thus preventing 1,25(OH) 2 D 3 signaling. Using either the MEK inhibitor UO126 or a nonphosphorylable RXR mutant, we can restore the cells nuclear import of RXR, VDR/RXR, as well as interaction with DNA and 1,25(OH) 2 D 3 and VDR signaling.
create new XhoI and SacII restriction sites. The resulting amplified PCR products were ligated to mCherry and the GFP variants, respectively.
Transfection
HPK1A and HPK1ARas cells were maintained in DMEM containing 10% FBS. For experimentation, cells were plated overnight in 6-well plates on No. 1 coverslips (Fisher) for fixed cells or 35-mm MatTek glass bottom dishes (MatTek Corp., Ashland, MA) for live cell experiments. Cells were plated at 8 ϫ 10 4 cells/well (HPK1A) and 6 ϫ 10 4 cells/well (HPK1ARas) in DMEM containing 10% FBS. The next day the medium was changed to serum-free DMEM for an hour prior to initiating the experiment. Transfection was carried out in serum-free DMEM FuGENE HD at a FuGENE HD/DNA transfection ratio of 6 l/2 g DNA (Roche Applied Science). The cells were transfected with vectors encoding constructs of hRXR␣-YFP, hRXR␣-GFP (2.0 g), or hVDR-CFP and hVDR-GFP (3.0 g). In co-transfection studies, a total of 5 g of the co-transfected vectors was used per well. After 4 h of incubation, the medium was supplemented with 10% FBS (by adding 200 l of FBS/ well). Following a 30-h incubation, the medium was changed to DMEM containing 5% FBS and incubated overnight. The next day, cells were treated with vehicle (ethanol ϩ DMSO, 0.1% v/v) or 1,25(OH) 2 D 3 (10 Ϫ7 M), 9-cis-RA (10 Ϫ7 M), and UO126 (10 Ϫ6 M) alone or a combination of UO126 and 1,25(OH) 2 D 3 for 4 h. For real time live cell microscopy, the transfected cells were first transferred onto a heated stage at 37°C for drug treatments and data acquisition. For fixed cell experiments, the cells were washed with PBS after the treatment and fixed for 15 min in 4% paraformaldehyde at 37°C. Following fixation, cells were rewashed in PBS and mounted using Shandon immuno-Mount mounting medium (Fisher). For subcellular localization studies, following fixation and re-washing, the cells were stained with either DAPI or Hoechst 33342 dye (Invitrogen) for 10 min and then mounted using Shandon immuno-Mount mounting medium (Fisher). Imaging was carried out the next day using a Zeiss LSM 510 or LSM 780 confocal microscope (Jena, Germany).
Immunofluorescence Staining
Cells were grown in 6-well plates on 22-mm No. 1 glass slides (Fisher). At experimental endpoints the coverslips were fixed in 4% formaldehyde at room temperature for 10 min. After rinsing with PBS, cells were permeabilized for 10 min with 0.25% Triton X-100 in PBS, washed in PBS three times for 5 min, and blocked with 1% BSA in PBS/Tween 20 for 30 min. Cells were incubated with anti-VDR (rabbit at 1:50 dilution), anti-RXR (mouse at 1:50 dilution), or a combination of rabbit-anti VDR and mouse-anti RXR antibodies (at 2:100 dilution) overnight at 4°C. Samples were then incubated with the corresponding Alexa Fluor-488 and Cy3-conjugated secondary antibodies (Invitrogen-Molecular Probes, 1:500). Following re-washing with PBS, slides were counter-stained with either DAPI or Hoechst 33342 dye (Invitrogen) for 10 min and then mounted using Shandon immuno-Mount mounting medium (Fisher). Samples were visualized the next day using a Zeiss LSM 510 or LSM 780 confocal microscope (Jena, Germany) using a ϫ63 N.A.1.4 oil immersion objective and appropriate filter sets. 
Fluorescence Microscopy, Time-Lapse Imaging, and Image Processing
Receptor Expression and Subcellular Distribution Using Confocal Microscopy
GFP vector alone, hVDR-GFP, hRXR␣WT-GFP, and hRXR␣ mut-GFP expression vectors were monitored by viewing and counting fluorescing cells using a Plan-Neofluar ϫ40/1.3 oil objective and 488-nm excitation and 515-565-nm emission filters (Carl Zeiss Inc.). To monitor subcellular distribution of the receptors, at least 10 healthy cells were observed at random from at least 10 fields. Repeated experiments were done using the same parameters. Z-stacks of double-labeled images were collected to account for total cellular fluorescence.
Morphometric Analysis of Subcellular Localization
For evaluation of nuclear/cytoplasmic signal distribution, confocal images were taken of each fluorescing cell. A single optical slice was taken of each cell with a focus set to maximize the circumference of the nucleus. At least 10 cells were evaluated for each experimental condition. Cells that showed clear morphological changes due to protein overexpression were excluded from statistical analysis. Image analysis was performed using the ImageJ version 1.41 software (National Institutes of Health, Bethesda) to determine the nuclear (F n ), cytoplasmic (F c ), and background (F b ) fluorescence. Briefly, a mean density measurement of pixel numbers was made on a nonsaturated ROI consisting of the total nucleus, the whole cell (nucleus and cytoplasmic compartments combined), and a background region outside of the cell. The ratio of nuclear to cytoplasmic fluorescence (F n/c ) was then determined according to the following formula: F n/c ϭ (F n Ϫ F b )/(F c Ϫ F b ). Data are presented as mean Ϯ S.D. (85, 86) .
Fixed Cell Imaging and FRET Microscopy in Transfected Cells
HPK1A and HPK1ARas cells were grown on 22-mm no. 1 coverslips and co-transfected with either VDR-CFP/hRXRWT-YFP or VDR-CFP/hRXRmut-YFP, respectively. Transfected cells were next treated with either vehicle control (ethanol or DMSO 0.01% v/v), 1,25(OH) 2 D 3 (10 Ϫ7 M) alone, or a combination of UO126 (10 Ϫ6 M) and 1,25(OH) 2 D 3. Treatments were carried out for 4 h before fixing, mounting, and FRET data acquisition using a Zeiss LSM 510 confocal microscope with a Zeiss 40 ϫ NA 1.4 Neofluar oil objective and a chamber to maintain a temperature of 37°C and 5% CO 2 . To assay dequenching of donor after photobleaching, a series of eight images of the CFP channel were taken. YFP within the nucleus was bleached after image 4 by scanning with the 514 nm laser line at maximum intensity. CFP intensities inside the nucleus were compared between the immediately pre-bleach image (image 4) and the post-bleach image (image 5). Dequenching was defined as nuclear CFP intensity in image 4 divided by nuclear CFP intensity in image 5. The remainder of the image sequence served as a control for focus stability. At least 10 cells per treatment were photobleached for each experiment. Experiments were repeated twice.
To calculate FRET percentage, the fluorescence intensities of three ROIs, a region in close proximity to the cell (background), a region in the nucleus that was photobleached (bleached region), and a region of the nucleus that was not bleached (unbleached region) was selected, and data were acquired for both YFP and CFP. The fluorescent intensities of CFP immediately before the bleach and immediately after the bleach were next background corrected by subtracting fluorescence intensity of the background region in the CFP channel of the same image. The pre-bleach and post-bleach CFP corrected intensities were then used to calculate the percent dequenching, which is a measure of FRET in this experimental design. At least 10 images were analyzed per experimental condition. Percent dequenching was calculated as follows: dequenching % ϭ (CFP_ corrected post-bleach/CFP_corrected pre-bleach) ϫ 100. In this measure, 100% represents a baseline with no change in fluorescence, indicative of no significant FRET, although values greater than 100% are consistent with FRET prior to dequenching (21, 51, 62, 83) .
Fixed Cell Imaging and FRET Microscopy in Antibody Co-stained Cells
HPK1A and HPK1ARas cells were grown on 22-mm no. 1 coverslips, treated, fixed, and permeabilized as discussed above under confocal immunofluorescence microscopy. Cells were incubated with combination of rabbit-anti VDR and mouseanti RXR antibodies (at 2:100 dilution) overnight at 4°C. Samples were then incubated with the corresponding Alexa Fluor-488 and Cy3-conjugated secondary antibodies (Invitrogen-Molecular Probes, 1:500). Following re-washing with PBS, slides were counter-stained with either DAPI or Hoechst 33342 dye (Invitrogen) for 10 min and then mounted using Shandon immuno-Mount mounting medium (Fisher). Samples were visualized the next day for FRET data acquisition on a Zeiss LSM 780 confocal microscope (Jena, Germany) with pinhole set at 1 airy unit using 405, 488, and 568 nm excitation and a ϫ63/ 1.4 oil objective lens. To assay dequenching of donor after photobleaching, a series of eight images of the Alexa-488 channel were taken. Cy3 within the nucleus was bleached after image 4 by scanning with the 561 nm laser line at maximum intensity. Alexa-488 intensities inside the nucleus were compared between the immediately pre-bleach image (image 4) and the post-bleach image (image 5). Dequenching was defined as nuclear Alexa-488 intensity in image 4 divided by nuclear Alexa-488 intensity in image 5 similarly to the calculation of CFP/YFP FRET. The remainder of the image sequence served as a control for focus stability. At least 10 cells per treatment were photobleached for each experiment. Experiments were repeated twice.
To calculate FRET percentage, the fluorescence intensities of three ROIs, a region in close proximity to the cell (background), a region in the nucleus that was photobleached (bleached region), and a region of the nucleus that was not bleached (unbleached region) were selected and data were acquired for both Cy3 and Alexa-488. The fluorescent intensities of Alexa-488 immediately before the bleaching and immediately after the bleaching were next background corrected by subtracting fluorescence intensity of the background region in the Alexa-488 channel of the same image. The pre-bleach and post-bleach Alexa-488 corrected intensities were then used to calculate the percent dequenching, which is a measure of FRET in this experimental design. A total of 10 images were analyzed per experimental condition. Percent dequenching was calculated as follows: dequenching % ϭ (Alexa-488_corrected post-bleach/Alexa-488_corrected pre-bleach) ϫ 100. In this measure, 100% represents a baseline with no change in fluorescence, indicative of no significant FRET, although values greater than 100% are consistent with FRET prior to dequenching. At least 10 cells were selected at random for each experimental condition. Statistical analysis using ANOVA and t test were carried out in GraphPad Prism.
Live Cell Imaging Using FLIP Microscopy
FLIP (79, 80) was used to assess real time intranuclear mobility of GFP-tagged proteins in the presence or absence of ligand. HPK1A and HPK1ARas cells were transfected with GFP tagged hRXR␣WT or hRXR␣mut respectively. After 30 h of transfection, the medium was changed to one containing 5% charcoalstripped FBS, and the cells were treated with vehicle control (ethanol or DMSO 0.01%, v/v) or 1,25(OH) 2 D 3 (10 Ϫ7 M). All photobleach image series were obtained on a 37°C heated stage using a ϫ40/1.3 NA oil immersion lens. Fluorescence in a narrow strip spanning one-fourth the width of the nucleus was bleached using repeated (50 -200) scans of 488 nm illumination with 100% laser transmission. Bleaching alternated with image acquisition at 5% laser transmission. Cells were scanned 0.8 to 3 s per image with two-to-eight line averaging. Fluorescence intensity in an ROI on the opposite side of the nucleus and outside of the bleach ROI was quantitated at each time point and normalized to the fluorescence intensity before bleaching. A neighboring unbleached cell served as a control for focus drift and photobleaching during image acquisition. Normalization was done to the pre-bleach data point (39) . At least 10 cells were collected per treatment condition.
The Zeiss LSM software package was used to define ROIs collecting mean fluorescent intensities of the background, whole nucleus, and the whole cell for each data set measured under the same experimental condition. Images were background subtracted and data normalized and exported into Microsoft Excel before quantitation and processing. The analyzed data were used to plot curves, calculate the mobile fraction, diffusion constants, and half-time of recovery. The mobile fraction (Mf) was calculated using the equation, Mf ϭ (F pre Ϫ F end )/(F pre ) (21, 51), where F pre is the average fluorescence in the ROI before bleaching, and F end is the fluorescence immedi-ately after the bleach. The immobile fraction (If) was calculated as If ϭ 1 Ϫ Mf or If ϭ 100 Ϫ Mf, where the normalized data were converted to percentages. Decay rates were calculated by fitting a one-phase exponential decay curve Y ϭ span⅐exp (ϪK⅐X) ϩ plateau from GraphPad Prism. The half-time of fluorescence loss (t1 ⁄ 2 ) is the time required for the fluorescent intensity in the bleached ROI to reduce by 50% (21, 51) . The t1 ⁄ 2 was calculated as 0.69/K, which assumes pseudo-first order kinetics. To determine a model-independent half-life of fluorescence loss, the fluorescent intensity data were transformed using a 0 -100% scale, and the time at which fluorescence intensity fell to 50% of full intensity was defined as the t1 ⁄ 2 . At least 10 cells were selected at random for each experimental condition. Statistical analyses using ANOVA and t test were carried out in GraphPad Prism.
Binding of Receptor DNA to Hoechst Dye
HPK1A and HPK1ARas cells were seeded on 22-mm (Mat-Tek Corp.) glass slides at a concentration of 1 ϫ 10 5 cells/well for 24 h in DMEM containing 10% FBS. The next day, the cells were transfected with hVDR-GFP, hRXR␣WT-GFP, or hRXR␣mut-GFP using FuGENE HD at a DNA/FuGENE ratio of 2 g /6 l as described under "Transfection" above, and cells were treated with experimental reagents for 2 h prior to fixation as described in the text. The cells were next washed with PBS and fixed in 4% paraformaldehyde for 15 min. Cells were rewashed with PBS and stained with Hoechst 33342 dye (1 g/ml) for 10 min at room temperature. Finally, cells were re-washed with PBS, and slides were mounted with Shandon immuno-Mount medium. Imaging was carried out the next day using both the 488-and 405-nm lasers to compare co-localization of the GFP and Hoechst dye in the cells. Image analysis was carried out by selecting the nuclei in the images using the regions of interest tool in the Zeiss LSM 780 Image Examiner. Pearson's coefficient was measured in the region of interest using the Image Examiner to quantitate pixel-by-pixel co-localization of Hoechst dye (a DNA marker) with GFP within the nucleus.
Statistical Analysis
We used analysis of variance (ANOVA) and t test in GraphPad Prism software. Results are presented as means Ϯ S.D. of at least eight independent measurements. Data were analyzed statistically by one-way analysis of variance followed by a post hoc test and Student's t test. Means were considered significantly different when p values were at least below 0.05.
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